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Abstract. Microwave irradiation is an alternative method of starch hydrolysis 
that offers a rapid process. The aim of this research was to improve microwave-
assisted hydrolysis of cassava pulp by using oxalic acid as a catalyst. Suspension 
of cassava pulp in 0.5% oxalic acid (1 g/20 mL) was subjected to microwave 
irradiation at 140-230°C for 5 minutes, with 4 minutes of pre-heating. One gram 
of fractured activated carbon made of coconut shell was added into a number of 
suspensions that were subjected to the same conditions of microwave irradiation. 
The soluble fraction of the hydrolysates was analyzed for its total soluble solids, 
malto-oligomer distribution, glucose content, pH value, and formation of brown 
compounds. The effects of the combined severity parameter at a substrate 
concentration of 5-12.5% on the glucose yield were also evaluated. The highest 
glucose yield (78% of dry matter) was obtained after hydrolysis at 180°C 
without activated carbon addition. Heating above 180°C reduced the glucose 
yield and increased the pH and the formation of brown compounds. The use of 
activated carbon in microwave-assisted acid hydrolysis of cassava pulp reduced 
the glucose yield, but suppressed the formation of brown compounds. The 
highest glucose yield (70-80% of dry matter) was attained at a severity parameter 
of 1.3-1.5. 
Keywords: activated carbon; cassava pulp; glucose; hydrolysis; microwave; oxalic 
acid; severity parameter. 
1 Introduction 
Cassava pulp, which is generated by the tapioca industry, contains a significant 
amount of carbohydrates, especially starch. The starch contained in cassava 
pulp varies, notably in relation to the efficiency of the starch extraction from the 
cassava. The starch content in cassava pulp can be as low as 40% [1] and can be 
as high as 68% [2,3], or even 79% when the cassava pulp is obtained from the 
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tapioca home industry in the area of Bogor, West Java [4,5]. Since starch is the 
major component of cassava pulp, hydrolysis of starch to glucose can be an 
important process to better utilize this tapioca industry by-product. Studies on 
the hydrolysis of starch in cassava pulp have been performed by a number of 
researchers using several methods, such as acid hydrolysis [6-8], enzymatic 
hydrolysis [9-15], a hydrothermal process [16,17], a combination of hydro-
thermal and enzymatic hydrolysis [18,19], and a combination of ionic liquids 
and enzymatic hydrolysis [20]. Acid hydrolysis of cassava pulp requires less 
time and is more efficient than enzymatic hydrolysis. Enzymatic hydrolysis 
usually takes several days to complete and the production costs may be high due 
to the high cost of the enzymes. However, the formation of some inhibitors, 
such as furfural and 5-hydroxymethylfurfural (5-HMF), during acid hydrolysis 
can become a problem if the sugar produced is further fermented. On the other 
hand, there is no risk of the formation of those inhibitors during enzymatic 
hydrolysis. 
Microwave-assisted hydrolysis of starch is a promising method of starch 
hydrolysis, especially due to its simplicity and rapid process. Our previous 
experiments have shown that cassava pulp hydrolysis under microwave 
irradiation can be conducted either in water or in acid medium. When water 
medium was used for the hydrolysis, it was found that the maximum glucose 
yield was obtained after hydrolysis at 230°C for 5 minutes (28.59% of dry 
matter or 32.41% of theoretical yield) [4]. When some activated carbon was 
added, glucose yield markedly increased up to 44.49% (of theoretical yield) at a 
temperature of 220°C for 5 minutes and up to 52.3% (of theoretical yield) at a 
temperature of 210°C for 15 minutes [5]. However, these results were still 
lower than those of enzymatic hydrolysis (70-74%) [13,14], or the combination 
of hydrothermal and enzymatic hydrolysis (± 75%) [18,19]. In this experiment, 
we tried to use acid catalyst to increase the glucose yield. Sulfuric and 
hydrochloric acids are the most widely used acids for hydrolysis. However, the 
application of sulfuric acid produces gypsum (CaSO4) resulting from the 
neutralization of sulfuric acid with lime [21], while the application of 
hydrochloric acid in starch hydrolysis presents a number of other problems, 
such as the need of a desalination process of the glucose syrup using high-cost 
ion exchange resins after the neutralization of the hydrolysate [22]. In this study 
oxalic acid (H2C2O4) was used to improve the hydrolysis of the carbohydrates, 
especially starch, in the cassava pulp. Oxalic acid is a dibasic organic acid that 
is widely used for metal and textile treatment, bleaching agent, leather tanning, 
and marble polishing. In Japan oxalic acid is used as a hydrolysis catalyst for 
the production of millet jelly. The acid is neutralized by the addition of calcium 
hydroxyde and is removed from the product as calcium oxalate. This acid was 
chosen because it is classified as an organic but strong acid with two carboxylic 
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functional groups. Besides, there are only a few studies regarding the 
application of this acid as a catalyst in the hydrolysis of carbohydrates. 
Activated carbon has been proved to improve saccharification of starch in water 
medium [5,23]. It can also adsorb the brown compounds produced by the 
thermohydrolysis [5]. This process is beneficial if the glucose obtained is 
further fermented, for example for ethanol production. The lighter color of the 
glucose syrup can also make the product look more attractive. Thus, it is worth 
knowing whether the activated carbon also acts the same way in oxalic acid. 
Experiments on the hydrolysis of cassava pulp, either enzymatically or using 
acids, are mostly conducted at low substrate concentrations, for example 4-5% 
(w/v). There are only a few reports regarding the use of a high substrate 
concentration or a high solid liquid ratio of cassava pulp in the hydrolysis of 
cassava pulp [7,9,14,18]. In fact, an efficient process of ethanol production from 
sugars needs a high concentration of sugars in the hydrolysate, which can be 
obtained if a high substrate concentration is used in the hydrolysis. Therefore, in 
this study hydrolysis of cassava pulp using oxalic acid catalyst was performed 
at low and high substrate concentrations. 
A severity concept that combines time and temperature has been developed to 
control the extent of pulping and the prehydrolysis processes in the pulp and 
paper industry [24]. This concept was extended by taking into account the acid 
catalyst used in the process, so that it becomes a combined severity parameter; 
therefore, different combinations of reaction time, temperature and acid catalyst 
concentration can be unified to produce the severity parameter [24-26]. The 
effects of the severity parameter on the results of the hydrolysis, for example the 
glucose yield, can be plotted as scattered points in a chart. This chart is useful to 
determine the combination of reaction time, temperature and acid concentration 
that produce a high glucose yield. Therefore, effects of the severity parameters 
were also studied, so that this study provides some new information regarding 
the relation between the severity parameter and the glucose yield obtained from 
the microwave-assisted hydrolysis of cassava pulp in acid medium. 
2 Methods 
2.1 Materials 
The cassava pulp used in this study was pulp as used in our previous studies, 
with starch as the main component (79.45%) [4,5]. The fractured type activated 
carbon made of coconut shell used in this study (Y-10S AW, Ajinomoto Fine-
Tecno Co., Inc. (AFT), Japan) was the same as that used in our previous study 
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[5,27]. Analytical grades of solvents and other reagents were purchased from 
local chemical suppliers. 
2.2 Cassava Pulp Hydrolysis Using Microwave Irradiation 
The cassava pulp was suspended in 0.5% oxalic acid (1g/20 mL) and put in a 
100 mL Teflon® tube. The suspension was homogenized by stirring. Some 
suspensions were added with activated carbon (1 g), and some others were not. 
All the samples were heated in a MycroSYNTH Lab Station (2,450 MHz) 
microwave oven (Milestone Inc., Shelton, CT, USA) one at a time, at a 
temperature of 140-230°C with a pre-heating time of 4 minutes and a heating 
time of 5 minutes. The microwave oven used was a multimode microwave 
oven, equipped with a thermocouple thermometer and a PID (Proportional 
Integral Derivative) controller to monitor and control the temperature inside the 
reactor real time. After heating in the microwave, the samples were put in an ice 
bath for immediate cooling. 
2.3 Determination and Analysis of Soluble Fraction 
Hydrolysates of microwave treated cassava pulp were centrifuged at 10°C, 
5,000 g for 15 minutes. After separation from their supernatant, residues of the 
hydrolysates were washed using 30 mL of water, followed by centrifugation at 
10°C, 5,000 g for 15 minutes. The washing and centrifugation were conducted 
for three times and followed by freeze-drying the residues. The total soluble 
solids (°Brix) in the hydrolysates were determined using an ATAGO Hand 
Refractometer N-20. Besides that, the soluble fraction was also calculated by 
using formula in Eq. (1). 
 
 Soluble fraction %
Weight of raw material - weight of residue
100
Weight of raw material


 (1) 
Distribution of maltooligomers was analyzed using high performance liquid 
chromatography (HPLC) with 7.5 x 200 mm MCI GEL CK04SS column, 
Shodex SE-51 refractive index detector, Jasco PU-980 pump, Jasco CO-965 
column oven, Jasco DG-980-50 degasser, and water as a solvent. The elution 
rate of the water was 0.3 mL/minutes. The calculation was accomplished by a 
Jasco Chrom NAV data station. A Glucose CII test kit (Wako Junyaku, Co., 
Osaka) was used for the determination of the glucose content. The pH value of 
the hydrolysate was determined using a pH meter and the brown compound 
intensity was determined by measuring absorbance at 490 nm using a UV-Vis 
Spectrophotometer [28,29]. 
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2.4 The Effects of Combined Severity Parameter 
The combined severity parameter of the hydrothermal treatment with addition 
of acid catalyst was performed at a number of combinations of temperatures 
(140-230°C) and acid concentrations (0.1-2.68% or pH 1.21-2.27) at a substrate 
concentration of 5-12.5%. The heating processes were conducted in 5 minutes. 
The combined severity parameter was calculated using the formula in Eq. (2) 
[24,25]. 
+
0
100
log log H exp
14.75
T
R t
 
    
 
  (2) 
where [H
+
] is determined from the pH of the acid, t is reaction time (minutes), 
and T is heating temperature (°C), respectively. 
2.5 Analysis of Residues 
The residues of cassava pulp were analyzed for their morphological properties 
by SEM Zeiss Evo50-05-87. 
3 Results and Discussion 
3.1 The Effects of Heating Temperature 
Microwave-assisted hydrolysis of cassava pulp with oxalic acid catalyst could 
solubilize almost all chemical components of the material. Even at the lowest 
heating temperature in the experiment (140°C) there was around 90% soluble 
fraction in the hydrolysate (Table 1). The soluble fraction in the cassava pulp 
hydrolysates increased as the heating temperature was increased up to 180°C, 
but it was relatively constant when the temperature was further increased up to 
220°C. The soluble fraction in the hydrolysate decreased after heat treatment at 
230°C. The total soluble solids in the hydrolysates of cassava pulp also 
increased as the heating temperature was increased up to 180°C, but it 
decreased when the heating temperature was further increased up to 230°C. 
These data have good correlation with the results of the determination of soluble 
fractions.  
Since starch is the major component of cassava pulp, the soluble fraction in the 
hydrolysates mostly contained maltodextrins and maltooligomers. There was 
still a high molecular weight component observed in the hydrolysates after heat 
treatment at 140°C. However, that component almost disappeared after heat 
treatment at 150°C (Figure 1A). When the heating temperature was further 
increased, the maltooligomers dissapeared gradually, and when the heating 
temperature was above 160°C only the glucose component was observed. 
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Beside starch, some hemicelluloses may also be solubilized during the heat 
treatment in oxalic acid medium, because cassava pulp also contains 
hemicelluloses. Microwave-assisted hydrolysis of cassava pulp in water 
medium shows that hemicelluloses are gradually solubilized as the heating 
temperature increases [4]. 
Table 1 Soluble fraction and total soluble solids of cassava pulp hydrolysates 
after microwave heating at 140-230°C in oxalic acid medium with and without 
activated carbon (AC). 
Temperature 
(°C) 
Soluble fraction (%) Total soluble solids (°Brix) 
without AC with AC without AC with AC 
140 89.54 ± 1.04 84.07 ± 0.16 4.10 ± 0.14 3.85 ± 0.07 
150 90.53 ± 0.38 80.06 ± 1.51 4.20 ± 0.00 3.65 ± 0.07 
160 91.08 ± 0.72 74.75 ± 0.08 4.30 ± 0.00 3.60 ± 0.00 
170 91.59 ± 0.54 73.74 ± 0.40 4.30 ± 0.00 3.40 ± 0.00 
180 92.59 ± 0.13 76.11 ± 0.56 4.45 ± 0.07 3.30 ± 0.00 
190 92.49 ± 0.42 76.39 ± 1.44 4.35 ± 0.07 3.30 ± 0.00 
200 92.56 ± 0.25 77.02 ± 0.56 4.20 ± 0.00 3.20 ± 0.00 
210 92.30 ± 0.31 76.51 ± 1.28 4.00 ± 0.00 3.05 ± 0.07 
220 91.86 ± 0.31 74.64 ± 0.24 3.95 ± 0.07 2.90 ± 0.00 
230 89.72 ± 0.93 71.25 ± 1.03 3.50 ± 0.14 2.35 ± 0.07 
The glucose yield obtained from microwave-assisted hydrolysis of cassava pulp 
in oxalic acid medium increased as the heating temperature was increased 
(Figure 2). The highest glucose yield (78%) was attained at a heating 
temperature of 180°C. This means that almost all starch in the cassava pulp was 
hydrolyzed to glucose. The maximum glucose yield obtained was higher than 
the result of cassava pulp hydrolysis using enzymes (70%) [13] or the 
combination of hydrothermal and enzymatic hydrolysis (75%) [18,19], but 
lower than the process reported by Thongchul, et al. [30], who applied acid 
hydrolysis using hydrocholric acid, sulfuric acid and phosphoric acid with a 
high acid concentration (0.25-2 N) and conventional heating at 121°C, 15 psig 
for 15-60 minutes. The glucose yield gradually decreased when the heating 
temperature was further increased up to 230°C. This was due to the degradation 
of the glucose to lower molecular weight compounds, such as 5-HMF or the 
reaction of glucose with the amino group from the protein in the cassava pulp 
(Maillard reaction) that also resulted in the formation of the 5-HMF compound. 
The increase of absorbance at 490 nm, (Figure 3) is one of the indicators that 
the degradation of sugars, including glucose, in the cassava pulp hydrolysate 
increased with the increase of the heating temperature. The absorbance greatly 
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increased when cassava pulp hydrolysis was conducted at temperatures above 
180°C, which was concurrent with a decreasing glucose yield. 
      
Figure 1 Distribution of maltooligomers in cassava pulp hydrolysates after 
microwave heating at 140-200°C in oxalic acid medium without activated carbon 
(A) and with activated carbon (B). 
 
Figure 2 Glucose yield obtained from hydrolysis of cassava pulp under 
microwave irradiation in oxalic acid medium at 140-230°C (spade = without 
activated carbon; rectangle = with activated carbon). 
The pH of cassava pulp hydrolysates increased with the increase of the heating 
temperature (Table 2). This was opposite to the pH value of the hydrolysates 
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from the hydrolysis of cassava pulp in water medium [4,31]. The increase of the 
pH value during the microwave-assisted acid hydrolysis of cassava pulp may be 
due to the decrease of the hydrogen ion concentration in the hydrolysates, since 
these hydrogen ions were used for the hydrolysis of carbohydrates in the 
cassava pulp, especially starch. During the hydrolysis a number of other organic 
and weak acids, such as acetic acid, formic acid or levulinic acid, may be 
formed. However, since they were weak acids, they do not contribute too much 
to the availability of hydrogen ions in the hydrolysates. Hence, the pH of the 
hydrolysates increases. 
Table 2 The pH of cassava pulp hydrolysates after microwave heating at 140-
230°C in oxalic acid medium with and without activated carbon (AC). 
Temperature 
(°C) 
pH 
without AC with AC 
140 1.79 ± 0.12 2.10 ± 0.01 
150 1.81 ± 0.12 2.09 ± 0.02 
160 1.82 ± 0.12 2.07 ± 0.02 
170 1.80 ± 0.12 2.06 ± 0.03 
180 1.97 ± 0.18 2.19 ± 0.04 
190 2.07 ± 0.13 2.24 ± 0.05 
200 2.46 ± 0.08 2.53± 0.00 
210 2.77 ± 0.05 2.77 ± 0.16 
220 2.83 ± 0.04 2.86 ± 0.08 
230 2.88 ± 0.09 2.93 ± 0.11 
The formation of brown compounds in the cassava pulp hydrolysates can be 
used as an indicator of the degradation of sugars produced from the hydrolysis 
of the material, which can be observed by measuring the absorbance value at 
490 nm [28,29]. The absorbance was relatively low and constant up to a heating 
temperature of 170°C. It started to increase when the heating temperature 
reached 180°C (Figure 3), which coincided with the maximum glucose yield 
obtained. Starting from this temperature, increasing the heating temperature 
decreased the glucose yield and at the same time increased the absorbance value 
at 490 nm. This means that at 180°C some of the glucose and other sugars 
produced during the hydrolysis started to decompose to lower molecular weight 
compounds, such as 5-HMF and furfural, which easily forms polymerised dark 
colored materials. The absorbance values of brown compounds in the acid 
hydrolysates obtained in this experiment were lower than those obtained from 
the experiment in water medium at a hydrolysis temperature of 180 and 190°C 
[4]. In acid medium, the amino group of the protein contained in the cassava 
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pulp was protonated, thus, the formation of glycosylamine, the initial step of the 
Maillard reaction, was suppressed. Therefore, with some amount of heating, in 
this case up to 190°C, the formation of the brown compounds in acid medium 
could also be suppressed. However at temperatures higher than 190°C, the 490 
nm absorbance values of the acid hydrolysates did not differ very much from 
those of water hydrolysates. 
 
Figure 3 Brown compound of cassava pulp hydrolysates after microwave 
irradiation at 140-230°C in oxalic acid medium (spade = without activated 
carbon; rectangle = with activated carbon). 
 
Figure 4 SEM images of native cassava pulp (A) and residues of cassava pulp 
after microwave irradiation at 140°C (B), 180°C (C) and 220°C (D). 
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SEM images of the native cassava pulp and the residues of cassava pulp are 
shown in Figure 4. It can be seen that attached starch granules in the native 
cassava pulp (Figure 4A) had disappeared after the material was hydrolyzed 
under microwave irradiation at 140°C with oxalic acid catalyst (Figure 4B). The 
matrix of cassava pulp did not show any difference at heating temperatures of 
140°C and 180°C (Figures 4B and 4C). However, the fiber matrix shows a 
different structure when hydrolysis was conducted at 220°C, which indicates a 
loss of hemicelluloses from the fiber matrix (Figure 4D). 
3.2 The Effects of Activated Carbon Addition 
There were changes of the cassava pulp hydrolysates characteristics when 
activated carbon was added to the suspension of cassava pulp before microwave 
heating. The soluble fraction and the total soluble solids in the hydrolysates 
continuously decreased as the heating temperature increased from 140 to 230°C. 
This trend was different from that without activated carbon addition. The 
percentage of the soluble fraction as well as the degrees of Brix were also lower 
than those in the hydrolysates without activated carbon. However, there were 
similar patterns in the formation of glucose and brown compounds and the 
changes of pH between those hydrolysates without and with the addition of 
activated carbon, even though there were differences in the amount of glucose 
yields, pH values, and intensities of brown compounds between the two. These 
phenomena may originate from a small amount of adsorptive capacity of malto-
oligosaccahrides on the activated carbon used in the present study, because 
differences in adsorbability of monomeric glucose and malto-oligosaccharides 
on activated carbons remarkably affects the yield of glucose [23,32]. Activated 
carbon can adsorb chemical components in the hydrolysate on its surface. The 
amount and types of chemicals adsorbed depend on the size of the pores on the 
surface of the activated carbon as well as the molecular size of the chemicals. 
The higher the temperature of heating, the higher the low molecular weight 
compounds formed as a result of the degradation of chemical components in the 
cassava pulp; thus, the more of these solubles are adsorbed on the surface of the 
activated carbon. This may further cause a decrease of the solubles in the 
hydrolysates with activated carbon addition. The activated carbon used in the 
hydrolysis also adsorbed some acids, including the oxalic acid medium as well 
as the acid formed during the hydrolysis. Hence, the pH values of the 
hydrolysates obtained from the process with activated carbon were higher than 
those from the process without activated carbon. However, this phenomenon 
did not agree with the results of previous studies on the microwave-assisted 
hydrolysis of cassava pulp in water medium [5] and sulfuric acid medium [27], 
which showed that the pH values of the hydrolysates obtained from the process 
with activated carbon were lower than those from the process without activated 
carbon. Elaborate study is needed to better understand this phenomenon. 
 Cassava Pulp Hydrolysys under Microwave Irradiation 135 
 
Despite its negative effect on the reduction of glucose yield in the acid 
hydrolysates, the addition of activated carbon during the hydrolysis adsorbed 
the brown compounds in the hydrolysates, so a lighter color of the hydrolysates 
was obtained. This is also beneficial when the hydrolysates are further 
fermented using microbes, such as S. serevisiae. 
3.3 The Effects of Combined Severity Parameter on Glucose 
Yield 
An efficient fermentation of glucose to ethanol needs quite a high glucose 
concentration in the hydrolysates. This can be achieved by increasing the 
substrate concentration in the hydrolysates. We tried to use a combined severity 
parameter to obtain an optimum condition of the microwave-assisted acid 
hydrolysis of cassava pulp at different substrate concentrations (5-12.5%). The 
analysis of the combined severity parameter shows that the highest glucose 
 
 
Figure 5 The effects of severity parameters in the microwave-assisted acid 
hydrolysis of cassava pulp at different substrate concentration on the glucose 
yield. 
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yield (>70%) from the different substrate concentrations was attained at a 
severity parameter of 1.3-1.5 (Figure 5). The glucose yield was lower at a 
severity parameter less than 1.3, probably due to less energy available to break 
down the glycosidic bond of the starch. The glucose yield was also lower at a 
severity parameter higher than 1.5, which may be caused by the degradation of 
the glucose to lower molecular weight compounds such as 5-HMF. Based on 
this analysis, we can choose microwave-assisted acid hydrolysis conditions 
(time, temperature, acid concentration), which combination of these three 
factors resulted in a combined severity parameter of 1.3-1.5. At this level of the 
severity parameter the highest glucose yield could be obtained with a minimum 
degradation of the sugar to 5-HMF, so that it supported fermentation of the 
sugar to ethanol. 
4 Conclusions 
Microwave-assisted hydrolysis with oxalic acid catalyst is a potential process to 
produce glucose from cassava pulp, since it can produce hydrolysate with a high 
glucose yield and a light color, and the process can be completed in a short 
time. The glucose obtained can be further fermented to produce bioethanol for 
fuel. The use of activated carbon in the microwave-assisted hydrolysis of 
cassava pulp in oxalic acid medium contributed to produce a lighter colored 
saccharified solution without too much effect on the glucose yield. The 
combined severity parameter can be useful in predicting or designing hydrolysis 
conditions of cassava pulp to produce hydrolysates with a high glucose yield, so 
that the hydrolysate can be better fermented to produce ethanol. 
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